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By Robert E. Forrette 

An experimental  investigation of the stage performance of the 571 
three-stage turbine at design speed  and pressure  ra t io  was conducted as 
part of a program involving  research on the design and operational  char- 
ac te r i s t ics  of high-work-output multistage axial-flaw turbines. rl 

& u The investigation  indicated that the over-all work output'  of the 
turbine based on temperature measurements a t  design  speed and pressure 
r a t i o  w a s  95 percent  of-the  design value, with the greatest loss  in 
work output and efficiency  occurring in  the f irst  stage. 

* 

Choking i n  the second-stage s ta tor  over most of the pressure  ratios 
investigated  prevented the attainment of design first-stage work output 
and also prevented  any  increase i n  work output of the first stage wlth 
increasing  over-all  pressure  ratio at design speed. Hi& losses i n  the 
first stage were a contributing  factor  to  this choking  condition. 

INTRODUCTION 

As par t  of a general research  study of high-work-output,  law-speed, 
multistage, axial-flar turbines at the NACA Lewis labaratory, the stage 
performance of the J71 three-stage turbine w a s  experimentally  investi- 
gated. A previous  investigation of over-a=  performance (rd. 1) showed 
that the  efficiency at design speed and pressure r a t i o  was considerably 
lower than expected', w i t h  the result that only 95 percent of design work 
was obtained at these conditions. It was desirable, therefore, to deter- 
mine which blade row or rows were responsible for this loss in  efficiency. 
Consequently, Interstage  instrumentation was  u t i l i zed   to   ob ta in  limited 

order to study this problem. Qualitative radfal variations of individuai 
stage work output and adiabatic  efficiency were obtained  from these mea- 

wall static pressures and of temperature,  stagnation  pressure, and flaw 

L measurements between b h d e  rows a t  design speed and pressure r a t i o   i n  

- surements. The measurements comisted, i n  general, of inner- and outer- 
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angle a t  v a r i o u s  radial lacations. Because  of the complex nature of the 
instrumentation  required i n  a surrey..inves%@tion of a -&tistage tur" 
bine, the measurements  were limited,. in  general, t o  one or two circum- 
ferent ia1 positions.. Although it i s  recogpiz.ed that k g e  circmf'erential . 

variations i n  flaw (ref 8 .  2 a n d . 3 )   d m t r e Z i i T f -  a 6laCk row exist be- 
cause of three-dimensional flow effects  such.as ..secondEtry.flows, f i n i t e  
nmiber of blades, and so forth,  it was fe1t.tha.t t&e simplified  instru- 
mentation used w o u l d  probably reveal A n y  major malfknctioning of a par- 
t i cu l a r  blade row. Thus the measurements are interpreted a8 indicating 
trends of r e l a t i v e  performance between the turbine  stages  in a qyalita- 
t 1 ve manner . 

. .  ". . - ." 
U 

. d r  
of 
d.f 
M 

The stage performance i s  presented  in  terms of an  individual  stage 
efficiency and a mrk parameter  correspond.iqg to an equivalent  stage tem- 
perature drop. Regions of stage performance bficienci&  are  indicated 
and discussed. . .. . .  " 
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SYMBW 

The following symbols are used i n  the report: 

annular area,  sq f t  

gravitational  acceleration, 32.174 ft/sec2 

enthalpy, Btu/lb 

mechanical equivalent  of.  heat, 778.2 ft-lb/Btu 

pressure, lb/sq f t  

t eqe ra tu re  , OR 

absolute gas velocity,  ft/sec 

r a t i o  of specific  heats 

adiabatic  efficiency 

gas density,  lb/cu f t  

Subscripts : 

1,2,3,4,5,6,7 measuring stations  (see  f ig.  1) 

a v  mass-averaged value 
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U 

X 

w Superscript: 
Ip 
Eo 
Ip 1 

exi t  from a blade row 

in l e t  to a blade row 

tangential 

ax ia l  

stagnation  or  total  state 

The experimental t e s t  installation, the  method of power absorption, 
and the  apparatus are as described i n  referewe l w i t h   t h e  exception of 
the  survey  apparatus, This consisted of movable, unshielded,  claw-type, 

% stagnation-pressure  probes  with  provision  for angle measurement. These 
P were used to measure radial   var ia t ions  in  flow angle and stagnation  pres- 
% S u r e  through  remote-controlled  actuators  located at each measuring sta-  
A t ion as shown i n  figure 1. The pressure-angle  probe employed w a s  of the 
.i type  deplcted  in ffgure 2. Static pressures w e r e  determined  by assuming 

al 

D 

a l inear radial variation between the values measured from wall static 
taps on the  inner and outer shrouds  behind  each  blade row. 

The temperature8 w e r e  measured by fixed calibrated spike-type thermo- 
couple  rakes  consisting of  f i ve  thermocouples a t  the area centers of f i v e  
equal  annular  areas  located at different  circumferentlal  positions as 
shown i n  figure 1. 

The survey data were obtained  by  operating  the  turbine at the equiv- 
alent  design speed  of 3028 r p m  and equivalent design pressure r a t i o  of 
3.50. Reference 1 shows that equivalent  design work was obtained a t  a 
higher pressure  ratio,  but the value of 3.50 used herein w a s  i n   t he  range 
of high  effic5ency.  Since It is also the  design  pressure  ratio of the 
turbine, it w a s  considered the proper value t o  m e  i n  this  investigation. 
The inlet stagnation  pressure was 40.5 inches of mercury absolute and 
the inlet temperature was 70O0 R. Radial  surveys were taken at seven 
radial positions  corresponding t o  various  percentages of annular area at 
survey  stations  located as shown i n  figure 1. 

Stage work parameter. - The work output of a stage is expressed as 
an equivalent stage temperature drop (Ti - T;)/Ti w h e r e  the denominator 
is the  stage inlet absolute  stagnation temperature which corresponds to 
tha t  at the exi t  of the  preceding stage. 
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Stage and over-all  efficiencies. - The turbine stage and over-all 
adiabatic  efficiencies eat various radial   posi t ions were calculated  by 
the  equation 

.. .. . 

1" T: 

I 

1 - [$) 
i n  which the pressure and temperature measured at radial  positlone cor- 
responding to   the same percentage  annular  area a t   t h e  inlet and ex i t  of 
a stage are used. . - " . . . . . . .  
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Mass-averaged values. - The mass-averaged values  of the var ious  
parameters  used i n  the  investigation  are  obtained from the  equation 

r.. 

Here the parauieter i s  ( T i  - T;)/T;. The same method is  w e d  to :. 
calculate mass-averaged values of efficiency. For example, the mass- 
averaged efficiency is  obtained by calculating  the values of efficiency 
and specific mass flow a t  a given  percentage of annular  area from the 
measured pressure,  temperature, and  flow angle at   the   par t icular  rad- 
position. The prodgct of the  efficiency and specific mass flow is then  
numerically  integrated  with  respect t o  annular area,. an& the result TI- 
divided by integrated  specific mass flow t o  give  the mass-averaged . 

efficiency. 

. . . -. 

Exit whirl. - The exit  tangential  velocity is  calculated by applying 
the  experimentally  determined  pressures,  temperature, and flow angle at 
the  turbine exit to..* energy equation f o r  one-dirirenslonal compressible 
flow. - 

RESULTS AlBD DISCUSSION 

The experimental  stage performance of t&-J7.1_ turbine. i s  presented 
in terms of a work parameter  involving  stagnixtion  temperature ~ o p  and" 
an adiabatic  efficiency  plotted  against  percentage o f  annular  area,  here- 
inafter referred ta.. as "radial  coordinate. :' . -. 

. .  . . 
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Turbine work parameter. - The over-all work parameter and 'chat of 
each s tage   we  shown i n  figure 3. The mass-averaged values of the work 
parameter are compared with  the  respective  design values. The design ' 

value of the  over-all and stage work parameters i s  obtained  by  using the 
design  equivalent o v e r - a l l  work output and the  design  percentage work for  
each stage. The design  turbine work s p l i t  was 38.5 percent , 33.0 percent, 
and 28.5 percent i n  the f i r s t ,  second, and t h i r d  stages,  respectively 
(ref.  1). From these  values  each  stage  temperature  drop is determined 

by-stage  calculation t o  give  the  particular stage work parameter. 
0 4  and then  divided  by  the  corresponding  stage  inlet temperature i n  a stage- 
lb 
Lv 
Ip 

The variation of the over-all work parameter with  the  radial  coordi- 
nate is shown in figure 3(a). Dotted Unes on t h i s  and  subsequent f ig -  
ures indicate  data  in  the  blade end regions which are of questionable 
accuracy. The mass-averaged value of the  over-all work parameter i s  
0.247, which is approximately 95 percent of the design value. This 
agrees  with  the o v e r - a l l  work output based on torque megsurements, which 
w a s  also 95 percent  of  the  design value. 

The radial variation of work output i n   t he  first stage is shown i n  
figure 3(b). The mass-averaged value  of 0.085 is approximately 85 per- 
cent of the des ign  value. The variation of work parameter  wtth r ad ia l  
coordinate in   t he  second and th i rd  stages is  shown i n  figures 3(c) and 
(a) ,  respectively. The mass-averaged value of the second-stage work 
parameter of 0.092 is  approximately 97 percent of the design  value,  while 
tha t  of the third stage is 0.095, which is approximately 4 percent greater 
than  the  design value. Thus the  f irst  stage, which produces only 85 per- 
cent of design  stage work, appears t o  be the  source of the major work 
deficiency  in  the turbine. I n  f -.tgure 3(b) it is  observed t h a t   t h e  radial 
decrease i n  work parameter t owad   t he   t i p   fo r   t he  f i r s t  stage is more 
pronounced than  for  either the second or third  stage.  This gradient  near 
the t i p  is also much greater than the most extreme of those at any  par- 
t i cu la r   c i rcuderent ia l   pos i t ion  observed i n  reference 2. This indicates 
that the  f i rs t -s tage work deficiency is caused by phenomena other  than 
those which can be shown by detailed  circumferential measurement. Thus, 
additional  surveys a t  other circumferential  positions would probably  not 
alter  the  results  significantly.  

In  general,  the  variations  in the stage work parameter indicate 
that   the  second and third  stages produce approxilnately design work, while 
the   f i r s t   s tage  i s  mainly  responsible  for  the o v e r - a l l  work deficiency. 

Turbine  adiabatic  efficiency. - The radial   variation of over-all 
and individual  stage adiabatic efficiency as calculated by equation (1) 
i s  shown i n  figure 4. The over-all  efficiency  variation  with  radial 
coordinate is represented in figure 4(a). The mass-averaged va lue  of the 
over-all  efficiency is 0.83. 
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The radial variation of efficiency i n  the first stage is shown in 
figures 4(b) and (c). The mass-averaged value of f irst-stage  efficiency 
is approximately 0.74. 

Because fluw measurements at the  inlet  t o  the first stage were taken 
at a s ta t ion  which is  a sds tan t ia l   d i s tance  upstream of the  inlet-stator 
leading edge (fig.  l), it is evident that part  of the loss in the f irst  
stage occurs i n  the inlet   t ransi t ion  sect ion between measuring s ta t ion 1 
and the first-stator leading edge. In order t o  determine the  efPect of 
possible  inlet  section  losses on first-stage  efficiency,  the  efficiency 
of the  f i rs t -s tage  rotor  w a s  calculated independent of the  res t  of th- 
stage and is shown i n  figure  4(c). The radial   variation of the first- 
stage rotor  efficiency is very similar t o  that of the entire  stage and 
indicates  approximately  a  3-percent loss in  stage  efficiency  through  the 
inlet section and stator,  since the rotor mass-averaged efficiency is 
approximstely 0.77 as compared with 0.74 for the stage. 

The secmd- and third-stage  efficiency  variations with rad ia l  coordi- 
nate  are shown in  f igures  4(d) and (e),  respectively. The second-stage 
mass-averaged efficiency is  approximately 0.81, w h i l e  that of the th i rd  
stage is. approximately 0.89. In figure  4(e)  the  third-stage  efficiency 
reaches  a maximum of slightly  greater  than 100 percent a t   t he  35-percent 
radial  coordinate and decreases t o  approximately 65 percent a t  the  blade - 
ends. The value  greater  than 100 percent is  probably  the  result of 
radial. displacement of streamlines other than that assumed througli'the 
stage. This displacement  came8 the i n l e t  and exit  pressures and  tern- 
peratures measured-at a given  percentage anuular --.ea t o  be incorrect . . 

when used i n  equation (l), since it is v a l i d  only  along  a  streamline. 

t 

.. "" 

In  general, it is  noted that  the  calculated  over-all  efficiency 
(0.83) agreeB with the value of 0.83 based ozi torque measurements re- 
ported  in  reference 1. The rad ia l  and stage  variations in efficiency 
also  indicated that the f irst  stage was the major source of poor per- 
formance in  the  turbine-. 

Exit  whirl loss. - Rormally t he  kinetic energy V2 /2gJ a t  t h e  u, 7 
turbine  exit-(station 7, f ig .  1) is notxvsi lable  f o r  producing useful 
thrust ;  thus the turbine is penalized fo r  the amount of this  e n e r a  when 
the  efficizncy is calculated. Because this energy i s  then cons'idered 
lost ,   the  possible  effect  of the  energy  (expressed  as a fract ion of the 
total work output) on the magnitude of the  efficiency is shown in figure 
5. The mass-averaged value of the energy  contained i n  the tangential  
velocity component is approximately 0.3 percent of the  total   turbine 
enthalpy drop and is  thus a  negligible  quantity f o r  operation a t  design 
speed and pressure ratdo, 

Turbine  choking point. - 
mult i s tage   thb ine   a t  a given 

If choked f laW-oCcUr 6 -  i n  a blade row  of a 
total-to-static pressure ra t io ,  an increase 
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in  the  pressure r a t io ,  that is, a decrease in   s ta t ic   p ressure  a t  the 
blade  exit, w i l l  produce no static-pressure change upstream of the choked 
blade row.’ Thus, if a multistage  turbine chokes f2rst i n  an  *stream 
blade row, another  blade row or  subsequent  blade rows  downstream w i l l  
eventually choke with  continual  increase of the over-all  turbine pressure 
rat io .  Likewise, if a downstream blade row chokes first, conditions at 
the upstream b h d e  rows remain unchanged w i t h  further increase of over- 
all turbine  pressure  ratio. 

In order t o  illustrate choking conditions a t  design  speed i n  the 
571 three-stage  turbine,  the r a t i o  of in le t   to ta l   p ressure  t o  s t a t i c  
pressure at the t i p  at a given s ta t ion  is  plotted  against over-al l  tur- 
bine  pressure  ratio  in figure 6 fo r  each measuring station. These pres- 
sure data were recorded  during  the performance investigation  reported  in 
reference 1. If, f o r  a particular  pressure r a t io ,  the curve f o r  a given 
s ta t ion  has a definite  positive  slope, while the curve f o r  the  preceding 
station  has  zero slope, it is evident that the blade row between those 
stations is choking. Thus it can be seen in   f igure 6 that the second 
stator (between stations 3 and 4) fs choked over  approxfmately  the  en- 
t i r e  range of over-all  pressure ratios. This i s  pa r t i a l ly  caused by the 
losses in   t he  f irst stage lndlcated by the surveys. These losses p rduce  
a low gas density and thus  high  velocity a t  the  second-stator  inlet wfiich 
resul ts  i n  choking before  the  design work output is obtained. Thus fur- 
ther  increase  in  over-all   turbine  pressure  ratio could  not increase  the 
deficient work output of the first stage. Consequently, design  over-all 
turbine work w a s  obtained o n l y  by  extractfng  greater-than-design  stage 
work from the th i rd  stage by  operating  the  turbine a t  an over-all  pres- 
sure   ra t io  approximately  6-percent  higher  than the design value. The 
third stage  thus qperated at a condition approaching that of l imit ing 
loading i n  order to  obtain  design work,  as i s  shown in figure 7 of ref-  
erence 1. 

It can also be  seen in   f igure 6 that the curve f o r  s ta t ion  2 indi- 
cates no choking i n  the first-stage stator because,  although the curve 
has zero slope, the pressure  ratio  pt/p is approximately 1.40, aboub 
25 percent  less than the   theoret ical  nozzle choking value of 1.89. 

1 2  

An investigation of the stage performance of the J71 three-stage 
turbine  a t   the  design equivalent  conditions of 3028 r p m  and 3.50 over- 
a l l  pressure  ratio  indicated  that: 

1. The ove r -a l l  work output  based on temperature measurements was 
95 percent of the  design  value and the over-all  efficiency was  0.83. 
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2. The first stage  exhibited  the  greatest  deficiency  in performance 

with  an  efficiency of only 0.74 and a work output  only 85 percent of the * 
design  value. . . . . . .  ..... . . -. 

3. Design work output - fo r  the first stage w a s  not  obtained because. 
the second-stage stator w a s  choked over most  of the range of pressure 
ratios  investigated. . This choking condition also prevented  any  increase 
in   f i r s t - s tage  work outpukwith  increase  in over-all turbine  pressure 
rat io .  High losses in  the  First-stage rotor were a contributing  factor 
t o   t h i s  choking  condition. 

L e w i s  Flight  Propulsion  Laboratory 
National Advisory Committee fo r  Aeronautics 

Cleveland, Ohio,  September 9, 1954 
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Instrument 
station 1 2 3 4  5 6  7 

Station 1 2 3 4 

5 6 7 

-Et- Movable probe (to measure angle and stagnation pressure) - Stagnation pressure 

- "_ Stagnation temperature 
0 Static pressure 

I S Stator 
R Rotor 

Figure 1. - Schematic  diagram of &CL three-stage turbine flow passage in a 
rsdlsl-axial plane showing instrument  stations and location  of  instruments 
at each  station. 
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Figure 2. - Stagnation-pressure c+u probe used to 
measure redial variations in etaagnatlon pressure 
ana angle. 
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(b) First-stage work pareterj mass-averaged value, 0.085. 

Figure 3. - R a d i a l  variation of turbine work p a r m t e r .  
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(c) Second-stage mrk psrameter; mass-averaged d u e ,  0.092. 

: *  
. ... . 



(a) Over-all efficiency;  mass-averaged  value, 0.83. 

Annular mea, percent 

(b) Firet-stage  eff  iclencyi mass-averaged value, 0.74. 

Hgure 4 .  - Radial variation of turbine Bdiabatic efficiency. 
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a (a) Second-stage efficiency, mass-averaged value, 0.81. 

- "0 20 $0 60 
Annular area,  percent 
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Flgure 5. - Radial vmrktion of' exit wblrl energy loss; mase- 
taveragea value, 0,0038. 
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2 3 4 5 
Over-all turbine pressure ratio, P~/P;,T 

Figure 6 .  - V a r i a t i o n  of rebtio of inlet total presieure 
t o   s t a t i o  preseure at a station with o v e r 4  
r a t i o  at  dePrign w e d .  
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